The nozzle ablation process is described as two phases of heat and ablation in the interruption for an SF6 circuit breaker in this paper. Their mathematical models are established with the Fourier heat conduction differential equation respectively. The masses of nozzle ablation with different arc durations and arc currents are calculated through the model of the nozzle ablation combined with an MHD (magneto-hydrodynamic) arc model. The time of the temperature rise on the inner surface of the nozzle under a given energy flux and of reaching the pyrolysis temperature under different energy fluxes is respectively analyzed. The relations between the mass of nozzle ablation and breaking current and arc duration are obtained. The result shows that the absorbing energy process before the nozzle ablation can be neglected under the condition of the energy flux entering into nozzle q > 10 9 W/m 2 . The ablation is the severest during the high-current phase and the ablation mass increases rapidly with the breaking current and with arc duration respectively.
Introduction
The nozzle ablation has a significant influence on the gas flow feature in the interrupter of SF 6 autoexpansion circuit breakers. It leads to an obvious increase in both the pressure in the chamber and the diameter of the nozzle throat. It is generally considered that the nozzle ablation is caused by arc radiation, the radiation power is calculated based on the method of net emission coefficient (NEC) in the SF 6 circuit breaker [1, 2] . The rate of ablation per unit length, which was calculated by assuming that the incident radiation is entirely used for the ablation, was applied to calculate the amount of nozzle ablation for investigating the arc behavior contaminated by the ablated vapor. In Ref. [3] the influence of breaking current I and arcing time t on the nozzle ablation was analyzed with a puffer chamber model in the experimental condition of 8-9 ms of t and 16-40 kA of I, it found that the mass of nozzle ablation calculated with kI a t b , a and b equal to 1.79-1.90 and 1.77-2.20 respectively, satisfactorily agrees with the experimental result and is not proportional to arc power. A calculation program of nozzle ablation was developed in Ref. [4] based on the transient radial temperature distribution in the nozzle material calculated by the law of energy conservation, the nozzle throat was assumed to be divided into many concentric thin cylinder elements for calculating the amount of nozzle ablation, the relation of the nozzle ablation with breaking current was studied in a puffer SF 6 circuit breaker and it is found that the amount of nozzle ablation increases in proportion to the arc energy at the nozzle throat portion under a cycle of arc current, and the amount of nozzle ablation increases in proportion to arcing time. However, the assumption that the radiation power is proportional to the arc power would lead to an increase in the energy used to calculate the amount of nozzle ablation. A method of calculating the intensity of nozzle ablation and the influence of the ablated nozzle material on the state of SF 6 gas was also discussed [5] . The nozzle ablation model is based on the law of conservation of energy, assuming that the radiation is the mode of thermal energy transfer. The nozzle was divided into many segments along the axial axis and radial segments respectively. The ablated mass was calculated for each segment but the detailed method of calculation was not present. However, as there are large differences in the structure of the cham-6 ber, breaking current, arc duration and between the interaction of the arc with the nozzle for the SF 6 autoexpansion type and the puffer type of circuit breaker, these experimental and simulating results do not quite apply to all the auto-expansion circuit breakers.
Based on the theory of heat transfer and the nozzle material properties, a mathematical model of nozzle ablation is developed in the present paper to provide a calculation method of nozzle ablation. Combined with an MHD arc model, it can be used for the simulation of the interrupting process of a circuit breaker and for the study of the influence of the ablation vapor on the arc and the flow field in the chamber. In this paper the mass of nozzle ablation is calculated with different arc durations and with different arc currents in an auto-expansion SF 6 circuit breaker, and the relations between the mass of nozzle ablation and the current and arc duration are investigated respectively.
Model of nozzle ablation
In general, the nozzle material of the SF 6 autoexpansion circuit breaker is polytetrafluoroethylene (PTFE), which belongs to a crystalline polymer compound. Its molecular structure is −[CF 2 −CF 2 ]− n , the density is 2200 kg/m 3 , the thermal conductivity is 0.29 W/(m·K), and the specific heat capacity is 1.47 kJ/(kg·K). It has excellent electrical insulation properties, but along with its temperature rising after absorbing arc radiation energy, some phenomena such as the transition, relaxation and decomposition of crystalline polymer will occur.
As the arc burns in the nozzle, PTFE molecules will be excited and activated. When the absorbed energy is large enough, the C−C bond in the PTFE molecule chain will break, the molecule is dissociated and a low molecular product is released. This process means that PTFE is ablated through the way of melting, pyrolysis and evaporation.
The pyrolysis temperature of PTFE is about 1000 K. The evaporation temperature of PTFE is about 3400 K [6, 7] because the composition of its vapor, mainly CF 2 and CF and F, is in the thermal equilibrium state under this temperature.
From the above, we can know that the nozzle ablation is a very complex physical and chemical reaction process. The ablation process is divided into two steps in the establishment of the mathematical model of nozzle ablation. The first step is the heating and the excited process of PTFE by the arc energy. In this phase, the temperature of the inner surface of the nozzle is increased to 1000 K from room temperature, at the same time the heat is transferred to the inside. The second step is the ablation process. In this phase, the temperature of the inner surface of the nozzle is maintained at 1000 K, the absorbed energy causes evaporation of PTFE and the temperature of the ablated vapor is 3400 K.
In the SF 6 circuit breaker, the shape of the nozzle is of axial symmetry. Assuming that the arc is axisymmetric; the temperature distribution on PTFE after absorption of the arc energy is also of axial symmetry, so the temperature rising process in PTFE can be shown with the Fourier heat conduction differential equation, and its cylindrical coordinate form is
where T is the temperature, r is the radial distance of the nozzle, x is the axial distance of the nozzle, t is the time, and α is the thermal diffusivity of PTFE. The initial conditions are T 0 = 300 K, t 0 = 0; the boundary conditions are
where k is the thermal coefficient of PTFE, ∂/∂n is the derivative along the normal direction of the inner surface of the nozzle, q n is the flux of energy entering into the nozzle along the inner surface of the nozzle at the normal direction, and r 0 is the inner radius of the nozzle.
It is supposed that the arc energy entering into the inner surface of the nozzle is fully absorbed for the temperature rise of PTFE, the energy enters the inner surface of the nozzle along the radial direction, and the axial range is corresponding to the length of the arc, so that the value of q n is equal to the energy entering into PTFE along the normal direction of the inner surface of the nozzle divided by the corresponding area of the inner surface of the nozzle.
After the temperature on the inner surface of the nozzle reaches 1000 K, the nozzle ablation will occur with continuing to absorb the energy of the arc. It is considered that the ablation vapor enters the nozzle space immediately, and its temperature is 3400 K. During the ablation process, the temperature of the inner surface of the nozzle is maintained at 1000 K. In PTFE, the heat-transfer process accords with the Fourier heat conduction differential equation. The process in which PTFE changes from solid to vapor is similar to the process of solid vaporization. Solid (nozzle) and gas (SF 6 and PTFE vapor) are separated by a clear interface, which can be expressed as F (r, x, t) = 0, and is called the interface equation of the ablation surface. In this way, the mathematical expression of the ablation process is the same as the Eq. (1) .
The boundary conditions are
The initial conditions are T (r, x) = T w , F (r, x, t) = 0 at t=0 and r = r 0 ; and T (r, x) = T 0 at t=0 and r = r ∞ ; where T 0 =300 K; the temperature of the ablation surface T w =1000 K, r ∞ is the radial distance of where the temperature is 300 K along the radial direction in the nozzle material, ∂/∂n is the derivative along the normal direction of F (r, x, t); ρ is the density of nozzle material, and L is the energy absorbed by the nozzle evaporated at the temperature of 3400 K. u n is the ablation rate of the nozzle material along the normal direction.
In the simulation of the interrupting process, the opening process is discretized into several different gaps between the static and moving contact. Therefore, the calculation of nozzle ablation is also carried out by the discrete method. Namely through a mathematical model of nozzle arc based on the MHD, the arcing process in the chamber is simulated by the finite element method, and the arc energy that causes PTFE ablation is calculated. A mathematical model of the nozzle arc in Refs. [8, 9] is used in our present study as the following Eqs. (4)- (9).
where φ, Γ and S are the dependent variable, diffusion coefficient and source terms respectively, which are listed in Table 1 . ρ is the density of gas. V is the velocity vector. In Table 1 , u and v are the velocity components of gas in the axial and radial directions, respectively; h is the enthalpy; μ l and μ t are respectively the molecular and turbulent viscosity; k l and k t are respectively the molecular and turbulent thermal conductivity; c p is the specific heat capacity at constant pressure; P is the pressure; F x and F r are the Lorentz force in the axial and radial direction, respectively; m is the mass of ablated PTFE vapor entering the nozzle; Q = S e − U n ; S e = σE 2 is Joule heat power; σ is the electrical conductivity; E is the electrical field; U n is the net emission radiation loss, assuming 40% U n to cause nozzle ablation; and Q m =mh v , h v is the energy of PTFE vapor at 3400 K.
The Lorentz force and the electrical field can be solved from the following equations:
where ϕ is the electrical potential; j r and j x are the radial and axial current density components, respectively; B θ is the self-induced magnetic field; and μ 0 is the magnetic permeability of free space. Then, the mass of nozzle ablation can be calculated with Eqs. (1) and (3) after obtaining the arc radiation energy. When the temperature of PTFE reaches the pyrolysis temperature, the temperature distribution in the axial direction is considered to be the same. In the simulation of the arcing process, it is considered that the q i of entering PTFE is invariant within time step t i , so the ablation speed u i is as follows in t i .
where c is the specific heat of PTFE. Therefore, within time t i , the ablation mass ΔM of PTFE in each mesh unit is
where Δx is the length of the mesh unit in the x direction, and r i−1 is the inner radius of the nozzle at time t i−1 . Within time t i , the total ablation mass M i is
where n is the number of mesh units. Thus, the total mass M of ablation is the sum of each time step mass M i .
Result and analysis
The nozzle ablation has been studied in an SF 6 autoexpansion circuit breaker in this paper. The parameters of the circuit breaker are as follows: a rated voltage of 40.5 kV, a rated breaking short circuit current of 31.5 kA, an initial absolute pressure P 0 of 0.6 MPa in the interrupter filled with SF 6 at temperature T 0 of 300 K. The schematic diagram of the arcing chamber is given in Fig. 1 . The quadrilateral mesh shown in Fig. 2 is adopted to subdivide the calculated region of the flow field. There are altogether 15 thousands cells for the whole flow field domain. The cell size is about 1 mm×1 mm. In the arcing simulation, the movement velocities of the moving contact and the piston are the opening velocity provided by the manufacturer, their opening process is discretized into several different positions of the static and moving contact according to the opening velocity and arcing time. The calculation domain of the electric field is larger in the radial direction than the flow field domain given. Its boundary in the r-direction is extended until it hardly affects the calculated electric field within the flow field, and ∂ϕ/∂r = 0 is assumed along the boundary. The potential of the moving contact is set at zero. The arc burns between the moving contact 6 (hollow contact) and the static contact 7 (see Fig. 2 ). A transparent contact is placed in the hollow contact for arc axisymmetry but has no effect on the gas flow inside the hollow contact. The pressure at the flow outlet 1 and 2 is set to 0.6 MPa. 
The heated process of nozzle before ablation
In the process of interrupting, the arc that needs to radiate either enough energy or for a longer time can make the temperature of PTFE increase to the pyrolysis temperature and to cause nozzle ablation. Therefore, it is necessary to study the nozzle material heated before ablation.
Because the nozzle is an axisymmetric shape, it is assumed the nozzle wall is heated evenly by the radiation energy. Thus, the temperature distribution on the inner surface of the nozzle is the same. Assuming that the arc begins to burn at the throat of the main nozzle, the energy flux q enters vertically the inner surface of the nozzle, and its value is chosen to be 3.5×10
7 -3.5×10 10 W/m 2 for the heated process of analysis. The temperature change of PTFE accords with Eqs. (1) and (2) . So, the required time for the inner surface temperature of the nozzle to reach the pyrolysis temperature and the heat transfer characteristics in PTFE are respectively analyzed under different arc energies by the finite element method with Eqs. (1) and (2), the calculation results are shown in Fig. 3 and Fig. 4.   Fig.3 The required time for the temperature rise (curve 1) and for reaching the pyrolysis temperature under different energy fluxes (curve 2) Fig.4 The temperature distribution along the radial direction in PTFE In Fig. 3, curve 1 shows that the required time for the temperature rise on the inner surface of the nozzle under q=3.5×10 7 W/m 2 . Curve 2 is a variation in the required time for the temperature of the inner surface of the nozzle to reach the pyrolysis temperature under different energy fluxes. These results show that the greater the arc energy that PTFE absorbs, the shorter the time that the temperature reaches 1000 K (see curve 2). When q < 2×10 8 W/m 2 , this time decreases rapidly with the increase of q, when q > 10 9 W/m 2 , the time of reaching the pyrolysis temperature is less than 0.1 ms. In addition, the results also show that when q < 5×10 7 W/m 2 , it takes more than 30 ms for the temperature to rise to 1000 K, when q <8×10 7 W/m 2 , it takes more than 15 ms, and when q < 1×10 8 W/m 2 , it takes more than 10 ms.
Therefore, in the interruption, when q > 10 9 W/m 2 , the heat process of the nozzle before the nozzle ablation can be neglected and the arc energy is considered to cause the nozzle ablation immediately; when 5×10 7 W/m 2 < q < 10 9 W/m 2 , the heat process before the nozzle ablation should be considered; when q <5×10 7 W/m 2 , the nozzle ablation can be ignored. After PTFE absorbs the arc energy, there will be heat transfer to the interior of PTFE with the temperature rise on the inner surface of the nozzle. The temperature distribution in PTFE along the radial direction r is shown in Fig. 4 when the temperature of the inner surface of the nozzle throat reaches 1000 K.
In Fig.4 , the range of 0-9.5 mm (the radius of nozzle throat is 9.5 mm) is the gas flow path in the nozzle throat. It can be seen that the range of heated PTFE is only in the range of less than 0.35 mm along the radial direction. This indicates that PTFE is heated within a small range, and the arc energy effects on the above range.
The nozzle ablation in different arcing processes
Firstly, a mass ablated by an arc in a PTFE tube is calculated to compare with the experimental result given in Ref. [10] . The ablated mass is, respectively, about 307 mg and 75 mg under the experimental current condition of 3500 A and 750 A, 50 Hz, from 2 ms to 8 ms of arc duration. The ablated masses calculated with Eqs. (1) and (2) are, respectively, 354 mg and 84 mg with the arc energy from the experimental condition. The calculated result shows satisfactory agreement with that in Ref. [10] based on the above models. This method can therefore be applied to calculate the mass ablated for analyzing the nozzle ablation in the interruption.
The relation of nozzle ablation with the arc current is shown in Fig. 5 under the case of arc currents of 9.45 kA and 31.5 kA with an arc duration of 20 ms. From curves M1 and M2, the nozzle ablation is very small before 3 ms due to less arc energy and less arcing time. The nozzle ablation starts to be intensified as the arc current reaches 80% of its peak. In 8-13 ms, the mass of nozzle ablation is increased slowly because of the arc current being in the phase of current zero crossing. After 13 ms, the mass of nozzle ablation grows rapidly because of the more arc energy and more arcing time and a longer gap between moving and static contact. It is obvious that the ablation mass is not proportional to the arc current. It increases faster after the arcing time of 13 ms and the mass of ablation nozzle for current 31.5 kA is 5.2 times than that for current 9.45 kA at 20 ms. This suggests that the nozzle ablation becomes apparently worse with the arc energy increasing. Arc duration has an obvious effect on the nozzle ablation in the SF 6 circuit breaker. A total of eight arc durations from 10 ms to 27.5 ms with each 2.5 ms interval are chosen for the calculation of nozzle ablation. Fig. 6 illustrates that the total mass of nozzle ablation changes with different arc durations at final current zero under the arc current of 31.5 kA. Only three current waves are pictured in Fig. 6 for a clear picture: the three arrows indicate respectively the mass of nozzle ablation at their final current zero. After a comparison of the mass ablated between different arc durations, it can be found that the mass ablated in the increase is more rapid from 15 ms to 17.5 ms and after 22.5 ms, respectively, because there are two peaks and three peaks of arc current with their arc duration. For from 17.5 ms to 22.5 ms, the mass is increased relatively slow compared to the case from 15 ms to 17.5 ms in spite of the arc durations being longer, because of there still being two current peaks with the arc duration. These show that the high-current phase where the arcing time is more than 5 ms per half cycle could evidently cause the nozzle ablation. 
Conclusion
In this paper, the mechanism of an arc ablating the nozzle is analyzed. After the arc energy is absorbed by PTFE (nozzle material), it causes the inner surface of nozzle melting, pyrolysis, evaporation and break of the C−C bond. The molecule is dissociated and released.
The ablation of the nozzle can be described into two phases of heated and ablation. The heated phase is a temperature rise process and the ablation phase belongs to a phase transition process. Their mathematical models are established with the Fourier heat conduction differential equation respectively.
The required time is calculated respectively for the temperature rise on the inner surface of the nozzle and for the inner surface of the nozzle to reach the pyrolysis temperature under different energy fluxes. The results show that the absorbing energy process before the noz-6 zle ablation can be neglected after the energy flux enters into nozzle q > 10 9 W/m 2 . The masses of nozzle ablation with the different durations and arc currents are calculated through the calculation method of the nozzle ablation combined with an MHD arc model. The results show that the ablation is the severest during the high-current phase and the ablation mass increases rapidly with the breaking current and with arc duration respectively.
